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@ Method of forming Implantable prostheses for reconstructive surgery. 

© Non-invasive method of forming prostheses of skeletal 
structures internal to a body for use in reconstructive sur- 
gery. The selected internal skeletal structure is measured 
by subjecting the body to radiant energy to produce radiant 
nergy responses that are detected to obtain representa- 
tions delineating the skeletal structure. Three dimensional 
coordinate data defining the skeletal structure is generated 
from the obtained representations. The coordinate data is 
employed to control a sculpting tool to form the prosthesis. 
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J > The present^ invent ioh 1 tieiat^s generally to a 

method iif cohsttucting 1 three diinehsidnal corpdreal mod- 
els of structures' ihternal* to bodies' and, more? part i- 

15 cularly, to a" method of cbristriicting such models from 

three dimensional representations of the" interrial struc- 
tures obtained without physical invasion of ttie bodies. 

( A three dimensional cbrpdreal" model of a struc- 
ture Whose exact size and/br shape is unknown ordinarily 

20 is constructecl' from direct measurement of the dimensions 
of the structure. Direct measurement bf the internal 
structure has the advantage : of providing precise dimen- 
sional information that enables the construction of a 
corporeai'^^del which' accurately' represents the internal 

25 structure. Often, however , the structure : is confined 

Within a body so as hot" to be accessabie L for direct meas- 
^ urement; ^in' J such cases', the body is'^lther opened or 
disassembled to provide- access for the measurement of 
''^ eJ ' 1-,it ^naf : sifcru 1 ctur& of interest. When such opening 

30 or disassembly has hot been practicable 6r desirable, 
corporeal 'model's have b^en constructed with the aid of 
*' visual inspections r bf 'standard radiographic images of 
the^ internals ■ s tructure«b£ intecesfc,- ex ternally»-for»ed 
castings of the body and other' techniques of indirect 

35 examination of' the body? ; The deficiencies of such tech- 
niques , however r : 'have made it difficult to construct 
corporeal models that accurately represent ' intfernal 
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structure^* v For : th most par,t, such indirect examina- 
tion techniques ar deficient for such purposes because 
they provide imprecise dimensional information and 
structural delineation of structures internal to a body. 

5 

Accuracy is particularly important in the con- 
struction of corporeal models of internal tissue struc- 
tures of mammalian anatomies. Such models will be refer- 
red to herein as prostheses, whether in the form of a 
10 surgically implantable prosthesis or an external pros- 
thesis. Though exact measurement and accurate conform- 
ation are desirable, in .tjie construction of implantable 
prostheses : for * reconstruct iye surgery, non-invasive 
^..direct measurement of internal anatomic tissue struc- 
15 tur.es, is\ not ...available by present methods ^tnd not practi- 
, , v . cable for the fabrication of , prostheses,, Present 

. , methods require } fabrication of an implantable prosthesis 
r for correction of bony contour abnprmalities on the 

,■»... basis of a plaster , casting taken oyer the area of abnorm- 
2£ ality with, soft tissue ; interposed between .the structural 

i: defects and the T cast. t! . s From this cas ? t, a model onlay pros- 
; r thesis , is constructed by a ^hand-sculpting method by a 
f skilled prosthetist f pn a best-appr,pxi^atioiv ; b^ attem- 

pting* to. .allow for^ the .inaccuracies resulting from 
a 2 ?. indijrectj measurement. Residual inaccuracies must then 
be modified r at the t time* of . implantajtipn when jdirect 
surgical iexamination,>,of deep structures is r pos»sible. 
( If? a. bone graf t t £ rpm.,,the patient, is to be fash- 

, . , ipned tp correct a structural defect,, ..th^^urgeon has no 
?-° precise, representation of the t>ony abnormality^ prior to 
r , direct examination at the -times of surgefy^and is then 
. required to alter the ,abnpr,mali]by, and f^shiojv the 

implaAt Si in. the , operating Jcocwsp r witliout r ££e. ; .benefit p| a 
prior working model. , 1; . : ^ 

35 : ], .... construction of accurate, _ preoperative mod Is 
and correctional implants avoids the shortcomings of the 
.above.-npJ:ed. hand^ sculpting techniqu and diminishes the 
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;i morbidity' associated with the Prolo„ 9 ed anesl&ia pres- 
ently required. «■■■••->•■ ' '■<-> -v- -vr 

. -,, : The Pfesent invention is a method of 1 construct- 
ing a three dimensional corporeal model 'that' accurately 
represents, a selected structure internal a tody/ The 

, t internal structure is measured by subjecting the body to 
radiant energy to produce radiant energy responses that 
are detected to obtain representions delineating the 
Id ^ nte F n ^ structure three ; dimensipnally. A set of three 
dxmensxonal coordinates defining^ three dimensional 

J v ( "presentation of the selected internal' structure is 
aerated from the obtained representations and is 
employed to direct a sculpting, tool to form a" corporeal 

, apparent upon consideration of the defiled description 
of a Preferred embodiment of, the method of the present ' 
r invention found hereinafter , the f*rma;tion of an accu- 
rate cor^ model replica of the sefecW structure 

^ l^ 1 ^ ^ US ^^ ^^ ^ ot ^dimen- 
sional coordinates to control the t^rajectorV of a 
^ mac hine-controlled sculpting tpo3L for the purpose of 
forming the corporeal model. [ However, the method of the 
present invention can be gracti^ed. to -provide three 
dxmensi^onal coordinates that define a mold cavity model 
^ representation of selected structure from which one 
■■' % m °^: ^^^- "»odel replicas may be formed by con- 

^ T^T"? ^in such Cementations, 

u ^^^^ectory ^of the sc^lpting tool is directed by the 
30 ^^^^ ^-^^-nsional cpprdinate data. tP form the 
desired mold cavity. ~ 

! - ; . P • : ^'if ^ll becpme more; apparent upon considera- 
^°5 °f «e description of the preferred embodiment of 
th f i invention^npninvasive jrWipgraphte-fmage 

^ lal^^^^ te? ^ U > and ^Somatically controlled 
... techniques are. adapted and combined to enable 

the ; precise measurement of internal structures and the 
construction of corpor al models that are accurat 
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representations of the internal structures. A radio- 
graphic image reconstruction technique particularly use- 
ful in the method of the present invention is computed 
tomography^ according to which a cross sectional 
5 "tomographic image is Constructed from radiant energy - 
transmitted through or ref lected ^from the inter ior of 
the body along paths at different' angles relative to the 
body. The image is constructed by computer manipulation 
4 of thk 'detected radiant energy according to an algorithm 
10 wheYeby the localized radiant energy* responses occurring 
J at the' cross section location of the body are computed. 
The ^computed radiant energy responses are characteristic 
' of the^ substances located ^at the cross section location 
a of t:he detected ''radiant energy responses and, therefore r 
15 enable ! formation of an image of " the structure at the 

cross sectibn location* A series of such images is 
' bbtalhed at 'locations distributed along a line perpend i- 
" cular to the plane of*. cross section^ by subjecting the 
body to radiant energy and detecting the transmitted or 
20 T reflected radiant eriiergy ait each of the distributed loca- 
tions. Computerized "tomographic devices have employed x- 
iay , hue iear c iffia9he%ic' v rWslbnan^ce , (NMR) , positron emission 
' (PET) and ultrasonic radiant energiy techniques to obtain 

data for : the cdrtstructiori of images of internal struc- 
"25 tuires. Botfi analog gray-scale pictures of the detected 
' radiant energy 'responses and paper printouts of mapped 
numerical" value representations of the gray-scale values 
are commonly provided by " such' computerized tomographic 
divides. iExamples of such devices are described in 
30 uhited 7 Staties patents 3,673,394;* 4/29*8, 800 and Re y 
30,397, and references cited in the patents. 

Machine-controlled contour sculpting tool 
u devices have been widely used to reproduce three dimen- 
- * ^ion^l object surfaces from representations of such 
35 surfaces. Some of these devices control tool trajectory 
: : relative'tb i wof)c pifece^ in accbrdanee with numerical 

v : ' ^ data "obtained from drawings or phbtbgraphs of the 
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ae f ir f^'\^ i r .?^ f ? r ^. 1 ^ U '' ^ tne use of contour or 
profile followtnV instruxnen^s: Other coiftbur sculpting 
dev f ce ^ "tiliz^ contour followers adapted €6 follow a 
physical model of ^ the 1 debited object ana generate coord- 
inate control data used ;to control the' trajectory of the 
sculpting tool. Some contour followers are mechanically 
linked to the sculpting tool Whereby movement of the con- 
tour follower directly causes corVfespbndirig movenient of 
the sculpting tool.; Examples' of cbntbur sculpting tool 
devices are described 1 ih United States patents 
2,852,189, 3,i9^,41l/3, 259^022^ 

In the preferred 1 embodiment of the method of 
the present invention, a computerizea-^-r^ tomographic 
device is operated to provide representations bf the 
absorption coef ficient of substances' at locations fnter- 
n »J to a b r odv v The absorption coefficient representa- 
tions delineate the ( internal structures and are examined 
to derive three dimensional coordinate data denning a 
, th 5 ee i dimensional representation' ' of' a Weeded delineat- 
20 ed eternal ^structure. The coordinate data is derived 
in a format compatible with ^ machine-controlled sculpt- 
ing tool device selected to fork the desired corporeal 
™?^? f the selected internal structure. ' a model is 
* orraed frora a work piece of suitable material by opera- 
ting the machine-cbntr oiled ^ sbuipting tobi device* to con- 
tr f 1 tne trajectory of its cutting sculpting tool rela- 

^ the -work piece " in Wordai^'with the coordinate 
6&ta deriv 1 d the absbrptiori coefficient representa- 

* 10 , nS ° f th^ structure obtained by the computerized x- 
ray tomographic device. "* a . . 

I The fore^bing and other objects, advantages 
a " d ^a^ 1 ?^ 3 "^^ will 
become more apparerit:'upon-cbwsidera s tioii bf the "foTOwii 
description of specific embodi^nts^ and appended claims 
• n ,^ e * h f£ ™ il:h , the 'drawings of which , 
- . • •-. -. "•■ f i is a diagram schematically illustra- 

ting the steps of the preferred embodiment of the method 
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v .of the present invention for obtaining three dimensional 
Linate data. of a sel cted structure internal to a 



body and generating ^ .qorporeal model thereof; , 

Figure 2 .is .a ? perspective yiew of, a head illu- 
5 stratinq the manner in which three .dimensional coordin- 
. ates defining a selected internal anatomic structure are 
. obtained^ in accordance with the preferred embodiment of 
the method of the present invention; . 

Figure 3 is a schematic diagram of an exero- 
10 plary gray-scale,. tomographic axial image in a plane 

taken at, iines r 3-3 of Figure 2, with the image construct- 
ed r from : x-ray radiation responses obtained from the 
plane .in accordance with the preferred method of the 
, present:, invention; * ,^ : . 

15 Fiqure 4 is a schematic, diagram of an enhance- 

stent of the exemplary, image of Figure 3 depicting a 
cross section of a mandible selected to be constructed 
iq model .form in accordance with, the preferred method of 
. . the present invention; 
20 Fiqures 5A and 5B .are schematic diagrams 

illustrating x-ray scanning equipment for obtaining radi- 
ation responses from cross ^sections of a body in, accord- 
ance with the preferred method of the present invention; 

Figure 6 is a schematic block diagram of a com- 



23 \ puterized x-ray tomographic apparatus for practicing the 
preferred method of the present invention; 

Figure 7 is a schematic representation of an 
exemplary print of f a mapped numerical value represent- 
ation of a reconstructed tomographic image; 

30 Fiqures 8A, 8B and 8C together comprise a 

:;:""•••:/■;>;,. ;.. -* v. "'v,:;:-" v>, ■ • 

schematic diagram of a machine-controlled sculpting tool 
apparatus for forming corporeal models of selected 
^ structures in accordance vitk . the preferred method^ot.,, ^ 
the present invent ion;. 
35 Figures 9A and 9B together comprise. a schem- 

atic diagram illustrating the construction of an onlay 
prosthesis from three 'dimensional coordinate data 
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- r translated in accordance with the: pref err^d ; methbd of 
the present invention; and ; r <;y <r.i;y> 't,\ 

i T o <•.:/ - Figure 10 is a, schematic diagram illustrating 
the construction of rgn; inlay prosthesis from: three dimen- 
5 v sional coordinate data translated in accordance with the 

preferred method of the^ present invention. U r 
.,. -■ . The method of the present invention will be 

described with reference to a preferred embodiment of 
the present invention arranged to construct "a prosthesis 
X P of an internals anatomic tissue, structure from three 

dimensional Coordinate data definingithe: internal struc- 
ture obtained without the ^physical! invasion of the anat- 
omy. As* will' be :appreciateja from the following descrip- 
tion of the preferred! embodiment r : however r i the method of 
^ thev present invention can be practiced. to obtain defini- 
tive three dimensional coordinate^ data and construct 
"cdrporeal models ?of structures internal^ to bodies other 
- than; anatomies. *. - , w •• N . 

:> - r - Generally rand referring to Figure? l^ri a corp- 
oreal model representation rof a selected- internal struc- 
ture of a body, is constructed by controlling a sculpting 
tool to follow a trajectory : relative to xa worJc ipiece 
-determined by^three dimensional coordinate data^ that 
, -specifies the contour of the: selected intefcrialystruc- 
25 ' ture. t To obtain the three-dimensional coordinate data 
in accordance wi th the method - of the^ present invention r 
the. selected ? internal J structure is scanned at step 81 by 
subjecting it to; radianti energy to product radiant 
?t energyrresponses/ that delineate' the selected structure 
three dimensibnal>ly and are; detectable at a location 
exterior^ to the body. 5 The radiant energy responses are 
detected at step 82 and the detected responses processed 
at step 83 .td: obtain data delineating the selected struc- 
ture three dimenslonaLlly . At step^84 r the three dimen- 
sional" coordinate data rerqui red for the control of the 
sculpting tool in constructing the desired corporeal 
mode 1 r epr e senta t ion " of the selected internal structure 
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is;*ger(erate<3:i f roro • the data -provided by the p rformance 
of step 83. As brief ly r discussed hereinbefore and as 
i: r. -iMll* become inore apparant upon consideration of the 
?;- r ^detailed description of 1 ther preferred-embodiment of the 
? \) .5.: ,} method of the present-invention to- follow, various corp- 
oreal model? represents t ions : i of Va selected structure can 
Pbe constructed in accordance with: the? present invention. 
v " -ft ^scale replica of the 1 internal structure in the state 
found Jwi thin the body is constructed from three dimen- 
1° sional coordinate data defining the: selected structure 
at scale o if mother, than a scale replica of the internal 
- structure is ;desifed,' data is manipulated at step 84 to 
obtain transformed three dimensional coordinate, data for 
r 1* constructing an , altered corporeal model representat ion 
Li 15 of the selected internal structure. The manipulation 

can^be per formed. at the time of the generation of three 
'x J dimensional coordinate data >f rom the data provided by 
the performance of step 83 , for example; by generating 
the: three dimensional coordinate data according to an 
^20 algorithm relating the untransf ormed three dimensional 
A ;v coordihate^data to the desired transformed three dimen- 
^ sional coordinate^data. . : Alternatively, v the transformed 
^ three dimensional: coordinate data can be obtained by man 
_ cipulation of generated untransf ormed three-dimensional 
• £ 25 ^.coordinate da ta> ; by' manipulatiohr bf the data delineating 
;:»; i the selecting structute/befbrei the generation of the 
cr: three dimehsional^ coordinate; data- or * by combinations of 
* the aforementioned inanipuilationsi As will be" described 
v J --in further, detail hereinafter^^ the pref 

^0 u erred method of the present invention-,: interpolating, 
o form or curve fitting, scaling y and translating are manip 
ulations particularly useful in constructing external 
and. ijjaplantable prostheses and. mold cav.ifeiee^< forecasting 
.models of selected internal strucfcuries.:, rln any case, 
3 -5 the three-dimensional coordinate data. :is; generated in a 

format determined:, by the ^sculpting ^ -device: ; used in con- 
— structing^ the -corporeal model representation of the 
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selected internal structure. The desired corporeal 
model representation is obtained at step 85 by directing 
a sculpting ^ tool in accordance wi th the " generated * three 
dimensional coordinate clata to follow a trajectory rela- 
tive to a wprk piece that produces the representation 
defined by the three dimensional coordinate data. The 
corporeal model is fabricated from suitable iriaWrial sel- 
ected according to the expected use of the model ^ 
Examples of material sui table for the cc^struction of 



prostheses are Silastic and PropiastV. ''"S'ilast'ics" is a 



trademark of bow Corning Corporation W 

the material it markets. "i?roplast" is a trademark of 

Vit?k # Inc. used to identify the material it markets. 

A preferred embodiment b£ the method of the 
15 present invention arranged to construct corporeal models 
of internal anatomic tissue structures will now be 
described in detail with reference to Figures 2-7. The 
preferred embodiment will be described in connection 
^with the construction of prostheses of a mandible. More 
20 specif ically and referring to Figures 2-4 the mkndible 
16 of the anatomy 11 is^ specified three dimensionally by 
subjecting the anatomy to radiant energy to produce radi- 
ant energy responses within the anatomy tJiat are 
character istic pf a selected physical property of 
25 substances of and detep table at the exterior of the 

> an ^ tpniy • Different substances of the anatomy 11 produce 
^ ?** f ? reT l t ^; 1 ^ tl ^«ishabl^ characteristic radiant energy 

responses which r upon detection, provide distinguishable 
.a-., representations of the different substances located 
JO r within the anatomy. As will be described in greater 
. ..... .aetail hereinafter ,, . _a computerized tomographic imaging 

device 13 (Figure 6) utilizing x-ray radiation is 
? employed i,^ r thfe prSetftae; £f . the^T^£err^^e1^MXn6lnt of 
•. the i^ethod of the present invention to obtain 
distinguishable^ representations of different substanc s 
within the anatomy 11. As described hereinbefore, 
computerized tomography devices provide cross sectional 
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representations of the internal structure of the anatomy 
11 reconstructed from radiant energy transmitted through 
or reflected from the inferior of the ana tqroy along 
paths at different. angles relative to the anatomy. In 
the x-ray tomographic device 13/ a narrow x-ray beam 14 
(Figures 5A and 5B) is directed through the anatomy 11 
along several paths tsuch as depicted by arrows i6) in a 
plane and the radiation transmitted through the anatomy 
is measured by x-ray detectors 17. A transmission 
i° measurement taken along each path represents a composite 
,of ] the absorption characteristics of all elements in the 
path of the beam. A computerized data processing system 
18 (Figure 6) associated with the x-ray tomographic 
device 13 manipulates "the measurements taken along the 
* 5 several paths according to an algorithm to calculate the 
attenuation coefficient of elements in eaqh XY plane 19 
(Figure 2) through which the x-ray beam 14 is directed. 
The attenuation coefficients of elements in other planes 
distributed at spaced locations along the Z axis 
20 perpendicular to the XY planes 19 , hence the x-ray beam 
14, are obtained by relatively moving the body 11 and 
the x-ray generation and detection apparatus in 
increments along a line generally perpendicular to the 
plane of the x-ray beam. Typically, the body 11 is 
25 moved through a stationary scanning station at which the 
x-ray measurements along the several paths in each XY 
plane are obtained by rotating oppositely disipbsed x-ray 
generator 26 and x-ray detector 17 devices (Figures 5A 
and 5B) about the body. The calculated attenuation 
30 coefficients provide accurate representations ot the 
densities of the Substances within the anatomy* In the 
processing of the measurements r gray-scale values are 
... ^, assigned to the caXquiaibed attenuation coefficient ... 

values to' provide representations of the elements in 
35 each plane 19 suited for displaying an image of the 
structure of the anatomy 11 at the location of the 
plane. 



0097001 

p P? exaroplf rf Pi3ures^ 3 and £ . schema tically 
.// illus ,t;' r ^^ e different image .reconstructions. 20 and 20* , 
respectively^ pf a . sfngle , cross,, section pf the. anatomy 
j 11 shown r in Figure 2 taken at a plane, 19 extending 

foi thr ? u ? h . the mandible ,10. As can be. seen by inspection 

t of Figure 3 and 4. r the light gray scale roandible repres- 
■ entative values 10, are readily distinguishable from the 
,darker ; surrounding, gray scale, representations of: other 
substances. Greater .contrast between the mandible 
, representative gray scale values, and the. gray scale' 
representations of other anatomic tissue , substances at 
the cross sect; ion pan be pb twined . by enhancing the image 

••?. c recons * :,:u ^ tion in the manner .describe^^hereinaf ter and 
shown in Figure 4. In both image Reconstructions of 
. Figures 3 and ; A, the, .gray: scale representations clearly 
delineate the surface location 12 of ..the .mandible 10, 
frpm wh f ch the three dimensional coordinates of the mand- 
* ble are T de ^ iwe ^-: A series of such gray scale cross 

^ se ?^f^ nal Jf epre©.e ; nt.atl k pns .of [ the : anatomy. 11 obtained 
along the ; Z axis, : provides <informatipn c from v which three 
dimensional coordinate data. can be derived. As will be - 
desci^^bed in further detail hereinafter, three dimension- 
al coordinate data^ specifying. a selected structure 10 of 

2 - which a m 9 dpl . f s t ? be P onst S uc $ ed is derived from a 

.,. series of such, cross sectional representation*/ of the 
anatomy 11. 

-i, ■ ;n As mentioned here inbef pre pother noninvasive 
.. . radiographic imaging dev.ices can be, utilize^ in the 
^M^of.tne method of the present invention to 
- ^ a ^ n cros ftr se ftfpnal Representations 9i f the body 11 
^from l which the desired three dimensional coordinate data 

in > n 9 i the ;;#ttucture 10< of interest can be obtained. 
* n ? E ?-. 4e,yices f .for. example , radiant energy^o&lginates 
■■■^^fr^*.^ 8 ^*;!* ; f *^ »n intravenously administered 
^^^^yj^ive substance labeled, with a positron- 
emitting r^d^ac^ isotope.. -The c isotope -decays by 
: emitting, positrons r that travel a short ;i di stance in 
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^Vissue : b^bre 'colliding 'with electrons. A collision bet- 
! ^ ween a" positron' and electron annihilates both particles, 
converting the mass of the two particles into energy 
divided 'equally between two gamma rays emitted simultane- 
5c ^ ously 1 along oppositely directed' paths. One PET device 
in' use includes arrays of scintillation detectors en- 
circling the subject 1 su'ppbt ted by a mobile table with 
' the region of interest at the axis about which the detec- 
tors are disposed. The arrays of detectors record 
10 simultaneously emitted gamma ays at a~ plurality of 
r spaced axial cross sections of this subject during an 
f iroag ing cycle , 'the detectors be ing linked in ? oppos i te 
J - v p£irs so that emitted gamma rays are f recorded only when 

both detectors 'of 'a pair' simultaneously sense gamma 
15 rays. All' gamnia ;1 ray pairs 'originating within a Volume 
:l of" €h6 subject def fined by the cylindrical, colinear 
field of vieW joining paired detectors are sensed. 
Gamma rays" btgfnat ing butside r that volume are not sensed 
: by the defectors/ The sensed gSmma ray responses are 
20 processed to- bbtaiin fe^resentatfiohs delineating sub- 
r ^ stances In- the field of view. Th6 mobile talble moves 

; the : subject axially relative td ! the encircling detectors 
: to enable" the detect ion of radiant' energy events and con- 
' cbmitant' generation of representations bf substances at 
25 a plurality of f spaced axial^cross sections of the sub- 
ject. 

^ r "nmr ^imaging' devices 1 h^Ve the' advantage of 
using V nbn-iohizihg form of radikht energy. :/ In NMR 
devices, the subject is jiiabed in a strong magnetic 
30 field while a brief high frequency signal 'is' beamed at 
ie the body. <F Different atoms of substahces' b£ €he body res- 
pond by sending r out differeiht bhariacteristie radio sig- 
nals that: 'are detected by tunable r&cttvth^ antennas 
'placed about the body. The tunable receiving antennas 
^ are adjusted to be responsive "to selected' radio signals 
arid thereby bbtain representations of selected substan- 
ces, Which at processed by an asisociat d computerized 
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data processing system to generate a : distinguishable 
characteristic representation of such substance r in^a 
plane -of the subject Representations of substances in 
other parallel planes at spaced' locations along a^ 
5 A defined line are obtained by moving the subject ; in -incre- 
ments through the magnetic field and past' 'the receiving 
'- antennas. - f - ; , .. 

- Ultrasonic radiographic 'imaging devices -also 

^ can be employed to obtain representations of the iHter- 
0 hal structure of a body. Like tfMR imaging devices i 

ultrasonic devices have the advantage of using a i -.non-ion- 
'' U lzin 9 form "of radiant energy in obtaining the data from 
which representations' of the ' 'internal structure ^of- 
^ bodies are derived. -Most ultrasonic imaging -devices 
5 generate representations of ^atomic structures from 
detected reflections of high frequency pulsed sound 
waves directed through the anatomy; a series of pulsed 
: sound waves are sent forth into the anatomy by electri- 
cally pulsed piezoelectric transducer! £h contact with 
the anatomy. The transducers employed * are capable of 
reversibiy converting electrical to vibratory mechanical ' 
energy at the pulse frequency of ■interest." After the 
transmission of each short bur s ! t or pulse of- sound 1 
energy , the circuitry associated 5 With 1 transducer is 
^switched to act as a receiver for returning ^r Reflected 
echos oi thV transmif-ttea r sound T waves ; ! Echos are r'eflect- 
^ ed when the pulsetf sburid : encounters arf interface 5 of 

tissue's *>f -different 'densities. Tissues of different 
!30 at0 ! J p ti , C ^"P^ss- -return different echos '-The- '.'reflect- • 
ed echos f'are- converted tti representative electrical sig- 
nals 'by the ^ transducers, from which" planar 
representations £ bf " the internal • structure of th^ anatomy 
• •arVrbttWih'ed & *rhe< -data' processing system associated 
with the' ultrasonic device converts elapsed time : between 
trahsteissiori of a sduhd pulse and ; reception of each echo 
into a measurement of th^ distant from the 1 transducer 
to each location of echo reflection. 
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; : . EaGh;;Of the f radiographic imaging devices 
described above provides representations of > the internal 
structure of , a body ^ by, subjecting .the: body - to ^selected 
radiant : energy In* x-rray, NMR and ultrasonic devices, 
> , the body r is. subjected v to radiant energy projected at it 
, from a location 1 ex t .tern.aL to the ( body,-. With PET L devices, 
however, the body is subjected to radiant energy^ genera- 
ted within the body itself.,. In any case, each of the 
imaging -devices -produces ^radiant energy responses within 
10 a body, .from. which distinguishable representations of 
different ^internal 5 structures of the body are generated 
: and from; which / in? turn, three ^dimensional coordinates 
defining , a^ selected structure internal to v the body;,are 
. generated for, directing a sculpting tool to f form a corp- 
15 o^eal roodeL representation pf the selected internal 
structure, -u , _ . . - .? ; . 

^ A computerized x-ray ^ tomographic -,system suited 
for,. use in .obtaining three dimensional ^coordinate data 
defining the mandibl^ 10 of the anatomy 11 * in accordance 
20 . with the preferred, embodiment of : the method of the pre- 
. s sent, invention : is marketed by General Electric Company 
under the model designation ( CT/T : 8800 Scanner System. 
The .preferred, me tho<p. of obtaining tihree dimensional 
.coordinate d^ta> defining the mandible 10 in accordance 
25., W;ith the, present inventioa now be described with 
;i reference to the,, CT/T 8,800 Spanner .System, which is 

schematically,, illustrated in Figures* 5 /mcL 6 ? r Thje compu- 
. .terized jc-ray, tomographic^ system 13. ^Figure i^ lP;, 

arranged ..to. produce computer ,cross section- 

30 al t images of any part of the ranatpmy from itjultiple- x-ray 
absorption measurements, /^ he system 13 includes ,a radi- 
ation scanning assembly 27 having a ,mobile ( r ^at>J.p 21 
(Figure 5B) - for suppoi?t;ifi^ ^ndr transporting .a; subjects y 
through^ the x-ray scanning, station ,22 along a path indi- 
35 cated by arrow, 23. The ta^ble ( 21 is conf igured ,to r aid in 
centering and. conf ining the anatomy 11 in v a selected 
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orientation relative* to th€ x-ray generator "26 £rid detec- 

tor 17 (pigur 5A and' SB-)- of the scanning ^^s^enibiy . 

The radiation scanning assembly 27 MlsB in- 
cludes a gantry 24 (Figure SB) 'positioned along the path 
23 fbr supporting the x-ray generator 26 and x-ray detec- 
tor 17 fox rbtaition ^bdut the mobile table 21 in a 
selected plane perpendicular or at an angle to the path 
23. The x-ray generator 26 emits an x-tay fan beam 14 
that i^ directed at an array' of x-ray radiation sensi- 
tive ceils forming th£ detector 17 at^the opposite side 
of the gantry 24 • The beam 14 is formed and the detec- 
tor 17 is arranged tci permit scanning of an object detec- 
tion zone 29 (Figure V 5A) located in "the* plhne of the 
beaim. fiach cell of the detector 17 detect is a pbrtion of 
15 the x^-iray beam 14 after i is : passage ' ' through the 1 Object 
detection zone 29 (and any part of a bc*3y il iodated in 
the zone) and provides data representative of the comp- 
osite x-ray radiiatibn a t ten tua t i tin coe f f ic ien t along a 
path between the x-ray generator 26 and the data cell. 
The data provided by the detector 17 as it anci €he X-ray 
generator 26 are totated about the' subject (bdrne by the " 
table 21) is processed to generate an "ittenisatibh coeffi- 
cient representation for each Volume element 31 (Figure 
4) df the bross sections of the anatomy 11 ic^hhed by 
25 the x^ray beam ±4 \r The resolution capability fef the 
CT/T 8800 System 13 is dependent fipon the fan thickness 
of the ^ k-r^y besuii i4 arid tfile £bWer ofc the data reconstru- 
ction algorithm characterizing 'the c software program 
employed in the system; A typical CT/T 8800 system 
generates an attenuation coefficient representation for 
a , v ^i"*^ ^le^e^ order of 1.5mm 

x 0.8mm ;^0; ! tera, With the ~ long' : 1 /smm ' d iinens ion of the 
^ in tWe^ii^ctldir or the fan 

thickness dimension of ~ the beam 14 , hence the cross sec- 
35 tion of th^ ' anatbmy il sfcahneiiJ. ' The other dim iisions of 
the* vblume element 3i in the plane'* of the scanned cross 
section are largely determined by the software program. 
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and attenuation coefficient representations of volume 
elements of, smaller, dimensions : in ; the plane of the, scan- 
ned t gross section car , be obtained , by increasing the 
power of the data reconstruction software program* 

Once the anatomy 11 is positioned as .desired 
relative to the scanning station 22, the mobile table 21 
and gantry 24 are operated in sequence under control of 
the computer 32 to (i) position the anatomy : 11 within 
the scanning station^ 22 at the desired location along 
path .23 , . t (ii)„ rotate the , x-ray generator 26 and detector 
17 for. subjecting a cross sectional slice of the anatomy 
to * the x-ray beam 14 and detecting the resulting radia- 
tion responses, and (iii) increment the table 21 ; a dis- 
tance of ^1.5mm for scanning another , cross sectional 
Slice, of th^e anajtpjny with the . x-ray beam. This opera- 
tion of the table 21 ^nd gantry 24 continues until data 
from the desired number of cross sectional slices of the 
anatomy 11-43 obtained.. Data f rofli.. each cross sectional 
slice is obtained by pulsing the x-ray. generator 26 to 
send pulses of x-ray. radiation through the cross section- 
al slice ^long several hundred different paths while the 
gantry 24 is operated to rotate the x-ray generator 26 
and detector 17 about the anatomy, 11. This prqyides the 
radiation responsive, data from, which cross sectional 
. representations of .the anatomy are. reconstructed. 

. The radiation responses detected by .the 
detector 17 are processed , by data ^acquisition, circuitry 
33 {Figure ,6) of the system 13 t f under control of the comp- 
uter 32 for storage in a memory 36 v t< A reconstruction 
data ^ processor 37 is controlled by the computer, 32 to 
reconstruct cross sectional representations, of the 
anatomy 11 from the stored data. More ^specifically , the 
^reconstruction data processor** cixG&it&Y* 37 is controlled**, 
by the computer 32 to manipulate the stored data math- 
ematically, ^according to a reconstruction algorithm to 
^calculate the attenuation coeff icient for, each volume 
element 31 (Figure 4) of each cross sectional slic of 
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the anatomy 11. , The calculated attenuation coefficient 
da^a, is stored; in the memory 3.6 for, use: a s needed. -* For 
image display purposes , ^the f calculated; attenuation 
coefficients are converted .to gray scale values 
expressed numericallyc r in Hounsfield units:, commonly 
referred, to as "CT numbers". i : . ; ? , 

The computerized data processing system 18 is 
operable through an> operator? control system 42 dtp con- 
.struct various selectable representations of the Anatomy 
11 from, the detected radiation response' data. For 
example, ;.the cross? sectional representations of .the 
anatomy can -be enhanced by= •selectively narrowing; the 
gray scale range and/or 'off setting the. gray scale range 
relative to the range of attenuation coefficients of sub- 
15 stances found in. the anatomy J, Figures 3 and 4 schemati- 
cally illustrate an example -of the . enhancement of the 
cross sectional representations of , the ; anatomy- 11.. in 
, the illustrated^ example, volume elements '31 having atten- 
uation coefficients within a selected range of window 
are assigned one gray -scale value, such as white; while 
all volume elements having attenuation ^coefficients out- 
side the selected range or window are assigned a black 
; gray scale-value, an this example, the "gray scale range 
is centered at the end of the range ?of attenuation 
coeff icients wherejr that i of bone is found . The operator 
control system 42 also enables the detected radiation 
response data to be manipulated to reconstruct sagittal 
and coronal cross section representations' of the anatomy 
11 at one or more selected planes orthogonal? to the 
axial plane of the anatomy, x Each of •> the aforementioned 
reconstructed .cross section representations accurately 
portrays r the .internal structure , of the anatomy 11 at the 
cross .section ,locationwof.& the representation^ andV*there^ - * 
fore* may be used in deriving three-dimensional coord- 
; inate t data: for. use- in constructing corporeal? models of 
internal ; structur s of the anatomy ... „ . i vj„ 
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i- Data from which the desired three-dimensional 
. ; ■ i coordinate information can be derived r is available from 
thel.computeri'zed x-r ! ay tomographic System 13 in various 
formats. ' Digital: data representations of the recon- 
5 \structed cross secti-ons 1 of the khatbmy 11 are Stored in 
the memory 36 and are accessible for use in' generating 
* the; three dimensional coordinate^ data . -In addition, the 
.system 13 includes- 'fan imagie generation* System 1 28 which 
i ; is operable to prdvide "& paper printout^ image in the 
10 form of mapped numerical** value representations of f the 
reconstructed cross section of the anatomy 11, an v analog 
f display -of gray scale pictures'; -o£ : the reconstructed 

cross .section r or hard "copies of the analog gray scale 
" pictures; K- .More ; specif ically r printouts of mapped numeri- 
f -15., cal value representations of selected reconstructed 
: cross tsections ;of the anafemy 11 is provided by a 
printer 38 included in ^ the image- generation system 28. 
Analog gray scale pictures of the reconstructed "cross 
sections can be viewed on i the ^ CRT display 39 "and hard 
v 20 : copies .obtained from the x-t-ray film camera 41. 
: ; f.y .i v f. ;> :■. * Control of the f. computer ized x-ray tomographic 
i r - system, :13- in generating reconstructed representations of 
cross sections of i the; anatomy 11 is exercised by the 
operator through the operator >r control system 42. : 
^5 Inasmuch as GeneralrElelctric Company ^s CT/T 8800 Scanner 
^ System and operator manuals therefor 4 are available from 
, *p which, further details of ;the construction arid operation 
j of^systero 13 can be determined * such >de tails c are • riot des- 
cribed hereini * . - is ?q cmi :-&2. m '"ooa- i -">'■ 
-9 > To obtain three dimensional coordinate 'data of 

the mandible, 10 illustrated in Figure ' 2^ the* sysitein 13 
5; is operated to obtain radiation response data -from* a 
. . ;: : plurality of n con tig was 1.5mnr axial vcross sections** ot- 1 ^ 
^ Jth entire mandible; The-, radiation resporis data is pro- 
v cessed ;; to ; reconstruct representations 'df each axial 
cross section 20^ such as ; illustrated in r Figure 3. To 
facilitate the reconstruction and use of the axial cross 
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section data, each axial cross section representation is 
enhanced as, illustrated in .Figure 4 tp distinguish bone 
substance from all Qther substances located at ^the posi- 
tion of each axial cross .section 20 1 . , , ^ 

Three dimensional coordinate, data def ining the 
^f'"?.}^^..* 3 - 0 .- can . ,j>e /(obtained directly from the digital 
data generated by the computer ized x-jray tomographic 
system 13 and stored .in its memory. 36 . Fpr v example, the 
system 13 generates and raanipulates reconstrupted digi- 
tal data representations of cross, section volume ele- 
ments according to the spatial coordinates of , the repres- 
ented volume elements. ,By accessing such representa- 
tions within the system 13 according tp their spatial 
coordinates, the three dimensional coordinates of the 
surface 12 of the mandible 10 can be obtained, directly 
and automatically from the data stored in the memory 36 
of the system. 

Three dimensional coordinate data also. can be 
obtained directly fri^n analog gray-scale pictures of the 
reconstructed representations of the, axial cross sec- 
tions, such as "illustrated ^ in ( Figure 4 . Each of the 
series of pictures of the ^ axial cfoss v sect ions., 30" is 
composed of known gi;ay scale values from which^two 
PA^ a f, J?°9.5 d * na tes .is determined f , ,s,uch r . -^s. .X ,and< The 
^^^ ri ^ ut ji 01 }. of gray scale values , in the axial,, direc- 
tion, as represented b^ the series, of piqtur^ Y of 
axia ^X .<?*?P9^ a 99ntjgupu? pross, sections, of, the 
anatomy at .^iocati.ons s inpluding r: the mandible 10 , provides 
d , a t^ * ro ?* ^i?£ the third coordinate,, z # is .determined. 
The spatial ^OM^dii^a^e?^^ef ini^i<g the .three dimensional 
surface of ib^e mandible 10. is determined from the coord- 
. ai j e , loc ^* : ?: on 9 f t ^e : gray, scale value representation of 
the surface 12^. ..ihi^c^r^iAa^ deter ^naeipn can be 
accomplished through, various, measuring methods, . includ- 
»i"9..^" u f|Hy^^ e ?f n ^? r * n f l if9ft Prints „or i? displays of each 
cross section 20' in terms of spatial. coordinates. 
A i te,:na ti v ely, %he determination of the coordinates can 
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1 be Ratified but through the use of mechanical aids, such 
as fcohtour or profile follows. Such aids are used to 
determine the XY planar coordinates of the reconstructed 
surface representation 12 in each cross section 20', the 
5 —third coordinate being "given by the axial coordinate Z 
' f 6f each reconstructed cross' section. If all reconstruct- 
; ed cross section representations of the mandible 10 are 
' employed in the ^endiration * of the three dimensional 
coordinate dataV the Z axial coordinate data is 
10 distributed at intervals corresponding to the center-to- 
center spacing of the "crbss sections of the body 11 
7 represented" by the" reconstructed data." When the recon- 
' ~ structed data is obtained from contiguous cross sections 
6f tie feody r the^Z axial coordinate data is at intervals 
15 of' ]5i5Wri. ; ; ?l ' \ :: 

Printouts 6i mapped numerical value representa- 
tions of the reconstructed absorption coefficients of 
" the voluiiie elements of e^ch reconstructed cross section 
also* can be used to obtain three dimensional coordinate 
20 da1:a J def ining the j Sur fade" ii of the mandible 10. Figure 
7 Isa schematic illustration of such a printout. To 
facilitate tile illustration of a mapped numerical value 
image of l a irkdonstiructed cross section "of the anatomy 
11, ^a reconstructed cross section 20" of the anatomy is 
25 divided t>Y lines" into regions 6f identified significant 
riumierical values 'V ihe lines also are used to identify 
sur face bouhdVr iWs dif significant Structures "internal to 
the anatomy 'il.' 1 1 As' discussed hereinbefore r the recon- 
structed attenuation coefficients are expressed as a 
30 Houhsfield unit and are commonly 1 referred to as "CT num- 
bers". In the' CT/T 8800 system 13, the range of CT num- 
* bers extends 'from -1000 '(which represents air) to +1000 
(WBrcH" teptesents ^ of 6 repres- 

* ents water. ^The three dimensional coordinate data defin- 
35 ing the surface X2 'of- the "mandible 10 can be obtained 
from the printouts of mapped CT values in the ways 
described hereinbef orle with reference to the use of 
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. analog . gray scale .pictures or displays of i reconstructed 

a ** al ,: ct P ss sections. , When usingr-printouts-of sinapped CT 
: .Y a * ues .- defining ^reconstructed, cross sections* 20* of the 
mandible, the three dimensional .coordinates defining the 
surface pfj the -mandible are determined by following the 
contour of numerical ;CT: values delineating the- recon- 
structed surf ace, 12 of :( the reconstructed ' mandible 10, 
instead of the contour delineated by a line in an analog 
gray , sqaae picture or display. ; ^ S . ;.v 

.: .. ^ preferred method of ; sculpting i a corporeal 
mpdel of/ a segment 51 (Figures: 2-4) of " the mandible 10 
iii accordance with -the present invention will now be des- 
cribed with reference to the machine^contrbll/ed contour 
j, sculpting tool apparatus 52 illustrated: in Figures 8A- 
15 8C, The, machine-controlled sculptingr tool apparatus 52 
- is . arranged, : to ^control a ^cutting tool* 5 3^ in accordance 
w t fch cylindrical coordinates defining'/ the shape of the 
des ixed corporeal model, ,r epresentat ion of: the^and ible 
10. Therefore, the reconstructed tomographic representa- 
tions of, ths anatomy 11 generated by the computerized x- 
ray tomographic system 13 Illustrated ih Figure 6 are 
utilized., to derive-radial (r)?, angular q&) ana axial (z) 
coprdinates describings the surface l2«-6f the 'mandible 
segment. Sl^relative toca selected reference line. Pref- 
25 ex:aba : y ? . the selected reference line Is: > ai straight line 
. j passing through, a point lying along r t „e centric of the 

- W*U>*e* se g««ent 51 . «r. The 'reference- line- *§•• depicted in 
.. Figures 2, ,3 and ^ : by a broken line 54- of alternate long 
and. shoe* lengths , > .The . axial coordinate z extends along 
ithe reference line-54, and the radial r arid angular 0 
coordlnatesuare in plane perpendicular to the reference 
line 54:. o The der iviation of the' cylindrical coordinates 
relative sto ; the* reference line- 54 is^ faailit'ated by* posi- 
tioning the -sub ject within the scanning station 22 
and/ortiltlngnthe. gantry 24 relative to the mob ii table 
21 so that the -'reference line 54 is generally perpendi- 
cular to the plane of the x^ray beam 14. Tn this way. 
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? , the .x-ray tomographic system 13 *~is ; operated to provid a 
./...series.; of ^oblique (i.e, other than axial; coronal or sag- 

gital) -cross sectional representations 'of the mandible 
v : segment 51 in parallel Apiaries ^distributed along and p r- 
-^t ;Pendicular ; to the line 54; r wittt of each cross sectional 
r o, representation centered on- the line 54. Such 

positioning -reduces ~ the amount ^of data processing time 
required (to obtain the cross 1 sectioned "representations 
from the detected radiant tenergy responses and, hence, 
^° the three dimensioned coordinates of interest. However, 
v such subject positioning 'and/or gantry tilting is 

unnecessary when a radiographic tomographic system 13 is 
-- employed that is capable of ^reconstructing oblique cross 

section representations of internal anatomic structures 
/V 5 frp^ radiant ^eneifgy responses bbtainie'd from a subject 
r* i oriented, in the standard supine position with the axis 
v of the body perpendicular .to the cross 'sections of the 
; iy body- from which: the x^diant 'eniergy responses are 
- .obtained, n v.* ?r. J * nr.r <*■ ■. ^ 

y i : :1A work piece tof a material suitable for con- 

structing; the desired prosthesis is ^secured to a rotat— 
i turntable \ 58 that is 'coupled to a <3r i ve motor - 59 by 
r a , drive shaft 61? ; -To form jthe r ;desi red model, the drive 
motors 59^ rotates the iworkpiece ? 57 about the 1 axis 62 as 
v 2 ^ thB r . trajectory i of the cutting tool 53 i^ controlled to 
form r the desired? con tour in the woirkpifec^^ The iaxis 62 
of ^rotation of ^ the^ workpiece 57 is ^located to pass 
through the : or igin relative to ^ which ^the cutting tool 53 
is moved in the radial and axial ^dirfectxbriis in accord- 
ance with the cylindrical coordinates. - The origin is 
located at -a. ppint^alongr reference line 54 (Figures 2- 
4), which* for convenience is selected to be at one end 
5S of* the mandible segment 51 being m6de led. in the 
example, the origin^is located : at -the lend 55 of the mand- 
ible, segment 51^ closest^ to -the' hinge segment 50 of th 
mandible f 10. . in; genjerating the- three dimensional cylin- 
drical coordinates frora^ the * data obtained by the x-ray 
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tomographic system. 13 e ., the, cylindrical- coordinates: are 
specified relative to an> prigin that, is, f to v .-be; coincident 
: ■ ;with the origin, of ,the coordinate system used in the 
sculpting tool apparatus 52 > to -specify, the -spatial' loca- 
5, ; tion; of the cutting , tool , 53. . The origin of t fehe r cpordin- 
- ate ^system of the, sculpting tool apparatus - illustrated 
< i in Figures, 8A-8C is located aj short distance ; above the 
turntable 58.- , : - s . v - • 

; i The ; cutting tool 53 is moved in the ^ axial z 
.10 and radial r directions relative s to the ? axis 62 in 

accordance with the-: cylindr ical coordinate , data by coop- 
erating way? ; and carriage assemblies. Movements in the 
radial direction, r, are, governed, jby v .a j; horizontally 
extending way* 64 and a cooperating carriage 65 that 
15 carries the cutting topi 53 for r movement along the hori- 
zontal way. Movements in the . axial direction, z,. are 
, governed by a, pair of vertically extending ways 66a and 
66b and cooperating carriages 67a and 6:7b that support 
the horizontal way 64- for movement- along the vertical 
, 20 way. In v the preferred ^embodiment, the ways. 64 and 66 
are motor dr i ven lead > screws- that -engage lead . screw nut 
assemblies forming the cooperating carriages 65 and 67. 
, More, specif ically> 6 each of ^ the , vertical lead screws 66a 
and 66b extends between one «£.• tb.e; reversible motors 43a 
25: and 43b and one of, jthe: cooperating, journals ,44a> and 44b. 
j... The driven r end of ; , each-; lead scr;.ew is, r cpupled -for irota- 
i ;tion ; by r( the pperatively associated m6tor and the :oppos- 
, r ite end of r - that- lead^ screw vis- seated for -rotational sup- 
port withinj the . eppperating journal. c The two motors 43a 
30j ; and 43b f axe opera tiyel-y .coupled together by a timing 
chain- 45c that maintains -the motors in synchronism so 
. that^the . twp ^lead screws 66a and ,66b are synchronously 
rotated- by? ^e^jbwj^- motor s. Activation^of ; the^idotoT-s *43W 
- - and 4 3bf rotates /the lead screws ; 66a and 66b in a direc- 
35 tipn determined by .the controlling cylindrical .cpordin- 
: ate data r . which, causes the engaged, lead' screw nut 
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ass* mbl^ies - 67a and 67b to move* in the corresponding 
- direction along the rotated lead screws, 
> ^ { * * ; Each lead' screw nut assembly 67a and 67b is 
r fasterfed to one of the support plates 68a and 68b, the 
5 -i two plates serving to support the motor driven horizon- 
tal le*ad r screw 64, cooperating' lead screw nut t65 and 
cutting tool 53 ""assemblies relative to" the "lead screw 
nut assemblies 67a and 67b and cooperating lead screws 
66a and /66b. : The driven end of 1 the horizontal lead 
10 screw 64 is coupled for rotation by a- motbr 46 fastened 
to t fie support plate 6 8a,- - The horizontal lead screw 64 
J extends froni its driven end ; tx> an Opposite end supported 
for rotation within a -jour nail 47 fastened to the support 
plate 68bJ ; - The lead screw nut assembly 65 beairs a mount- 
15 irig plate 69 oh its UE>pet side, upon which is fastened a 
- L - " motor 70 for rotating -a spindle 71 thiat carries the cut- 
- Ving tool' 53 for cutting the workpiec6 57. 1 Activation 
of the motor 46 turns^ the ' lead screw 64 in a direction 
' defcerminedJ by ^the" controlling cylindr icar coordinate 
20 data\- which causes the 1 engaging lead screw nut assembly 

65 to moveP an %he ; cotreispondirig direction along the lead 
£ - ^ screw. • > " £ * r - - - l - ■ *^ v: "' i " - ' '■ ' * 4 

2v: v r x n the* preferred embodiment of the machine 
r tdbl afppar^tufr 52, the W6rk 1 pie6e 57 is located "at one 
25?i side of 'the strotttbre that supports the cutting tool 53. 

r To permit ready access tip the' work piece 57 by the cutt- 
er irig tool 53 -albrtg -radially ahd^ axially adjustable paths „ 
the vertical leatd screws 66"a atod^ 66b aire horizontally 
displaced to one side" of* the horizontal lead - se 64. 
30 Additional support for- the "cutting tool sup- 

port and pos it ion irig appatatu : s ; is provided^ by four verti- 
cally extending stationary posts 72 and cooperating 
sleeve bear ings^ 73; A post 72 is located ait eafch^ end" of- - 
each of the support plates 1 68a aha 68b. < The sle ve bear- 
" 35 ings 73 ^couple the support plates 68a and 68b to the 

posts 72 for support while permitting the support plates 
to move relative to the posts when the lead screws 66a 
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and 66b are turned to move the cutting tool 53 in the 
axial direction, z._ 

. _ i The preferred machine tool apparatus 52 is 
arranged for constructing models of a wide variety of 
sizes . .For this reason, the cutting tool 53 is support- 
ed by a long spindle 71 for movement' over a large dis- 
tance in the radial direction, r. To aid in maintaining 
s the cutting tool 53 in the axial position specified by 
the cylindrical coordinate data, the spindle 7i is 
supported for rotational and radial movements by a journ- 
f al 74 at the support plate 68b nearest the turntable 58. 
The journal 74 |s supported I by a plat form 75 joined at 
: , the top edge of the support Pl^te 68b to extend horizon- 
tally, therefrom in the direction opposite the turntable 

15 58. / / j; ; ; . ' ; ; ' * ~ v : 

, . The various motors of. the machine-controlled 

contouij sculpting tool apparatus 52 are synchronously 
controlled by the machine tool con troller 63 in accord- 
ance, with the cylindrical coordinate data derived from 
the series of oblique cross sectional representations of 
the mandible 10 so that the work piece J5 7 is cut to have 
a p^ptouf corresponding to that represented by the cylin- 
drical coordinates. More specifically, " the derived 
cylindrical coordinate data is stored in "a memory 56 for 
use by. the machine too:), con troller 63 in controlling the 
trajectory of the cutting tool relative to the work 

■ E>ieqe , V ma ? h , W .controller provides commands 

r fc ° a , rao1 r 0 f dr *ve „circuit 76 coupled to drive, the rotary 
• r"'!^ 09 ; ^ 0 ?^ 53 ^ at : a ; ff^ cted , speed suitable for sculpt- 
ing |he^wqrk, piece .57^ into the desired form and finish. 
In ada *!* on ' ^cpntrp^r^ 63 provides commands to the 
:> *^5 ee t mo * :0 ; r • d 5 ive r ? ircuits , 7 7 ' 78 an ^ 79 which are 
coupled respectively to synchronously drive the radial wi 
position determining , horizontal lead screw, mqtqr 46b, 
the a ?' L ; a f Ppsitio.n determining vertical lead screw 
motors 43a and 43b, and the turntable motor 59. These 
later commands are provided in accordance with 
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cylindrical coordinate data so' that the "turntable 58 is 
rotated and the cutting tool 53 moved relative to the 

* axis 62 whereby the tool follows* a trajectory relative 
to the" workpiece 57 productive of the formation of a 

5' model that accurately represents' the mandible segment 

5i." r " \ A "';' ' . ' " 5 \ ] " ~" 

r ' s >: ' The machine tool controller 63 is arranged to 
issue "commands to the axial motor drive circuit 78 to 
step the cutting tool 53 in increments along the rota- 
10 tionaiaxis 62 of the turntable 58 so that the work 
piece 57 is cut along concentric bands, with each band 

* ' at a location along the axis 62 corresponding to the loc- 
' 'ation of a plane along line 54 at which a crbssi section- 

c ' al representation of the mandible 10 is obtained. In 

15 addition, the machine tool controller 63 is able to 

f ' process the cyiindricai' coordinate data to calculate , by 

: iinear interpolation^, the change in the axial coordinate 

li ? z as a function of the ahgular coordinate ' 0 between adja- 

' cent icoaVions of cross sectional representations of the 

~20 J mandYbie 10. ' This calcuiati'bri provides axial and angu- 

' lar coordinate data permitting the cutting tool 53 to be 

• 1 : directed along a spiral trajectory' in sculpting the work 

piece 57. '„ _ ' .. _ , ^ , 

; ' r ' ' The preferred embodiment of the controlled con- 

! 25 * tbur mach Ine tool apparatus 52 employs stepping motors 

1 for' driving i trie lead screws -64 and 66 and turntable 58. 
' " ; The apparatus 52 '' is controllable to rotate the 'turntable 
^ *" 58 in' steps as ? sifiail as fractions of ? an angular minute 

and to move the rotary cutting tool 53 in' the T radial , r, 
30 and axial, z, directions in steps as small as fractions 
of a millimeter!. For 1 cbh'str acting a 'prosthesis of an 
internal anatomic tissue structure, such as" roartdible 10, 
1 however / turntable rbta^tioh steps bti* ; the ordetof one or 
two degrees arid cutting" tool radial and axial movement 

35 steps on the br'der of 'tenths of a millimeter ar satis- 

. , • •; - • ■•• • .. ■'. :•• >■ . ■■■■ ■ • 

' ' factory. - ■ • 
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: The preferred method of the present invention 
has been descr ibed in detail with rjeference^ ta sculpting 
a corporeal model replica of a segment 51 of a mandible 
10 . using roach ine-cpn trolled contour sculpting tool 
apparatus, 52 haying a single cutting tool 53 controlled 
in accordance with cylindrical coord inates : that .define a 
three dimensional representation of the segment.^ 
However,, it will be appreciated .that machine-controlled 
contour sculpting tool apparatus arranged to control the 
trajectory of a cutting tool specified by three dimen- 
sional i Cartesian coordinates can be employed] in the 
method, of the present invention jtO: form >the corporeal 
model* ; Moreover ^ machine-con trolled ( contour sculpting 
tool; apparatus having a ^plurality of independently con- 
trollable? cutting tools can b^ used to form the corp- 
oreal; model; in -accordance -with the method- of r the- present 
inventions The par ticular nature < of the machines-control- 
led contour sculpting tool apparatus, 52 employed to con- 
struct a corporeal model representation^ of a selected 
structure 10 internalr to a body, 11 does effect the gener- 
ation of the three dimensional coordinate data from the 
cross section representations of the selected structure 
provided by the. tomographic imaging device 13. In some 
applications, itrsnay hjbj necessary or convenient 'during 
the generation ^and/or use of the ;three: dimensional coord- 

Jinate data ;ito translate fthe. coordinate -data between diff- 
erent coordinate ^systems \6i between different spatially 
oriented sets cpf axes, in -the identical coordinate 
systems For; example ^ translations ! between the Cartesian 

:and fcylindrical coordinate systems is achieved by manipu- 
lating, the ^coordinate data Idefining each cross section 
representation of the selected structure 10 according to 
the coordinate, translating equations relating rectangu- ~ - 
lar and polar coordinates, : Translations between diff r- 
ent spatially orientated sets of .axes is* achieved by man- 
ipulating the coordinate data according, to vector 



VeOO 0097001 

-28- 

* : hbrinarizati6n' Equations relating this differently 
' orientated sets o!f axesv r i r 

r - Thus r far, the L 'method of the present invention 

has -been" -described in detail as practiced to construct a 
£ -corporeal model replica 4 " of ' the "selected segment; 51 of 
: the mandible 10'. It should 1 - be^ appreciated , however , 

that' other model representations of a selected structure 
' 'internal 1 to 'a body can be constructed through the prac- 
; tice of the method of the present invention. For 
. example, W mold cavity representation- of the selected 
mandible segment 51 can be constructed from which one or 
- more corporeal model ^replicas of >the segment 'can be 
cast. 1 -To f aciii1:at ! e 'the construction of the ckvity , it 
siSmade in twb-roati-ng half ^sections extending - in the 
direction Wf the lin£ r 54. The three dimensional coordin- 
ate* data ?r i^ generated from the cross section representa- 
1 * tibni^ (or - translated from previously generated^ ebordin- 
aWidata defining the surface 12 of' the segment 51) to 
define a mating cavity -form of each half of the* surface 
>?° 12. This -coordinate d a tao is! employed by the machine- 

^ controlled' contour sculpting .tool apparatus 52 'to direct 
; the -out ting tool 53 alohg^ a trajectory! that produces one 
< r ot the mold? cavity half' sections^ frbm a first-work pi ce 
57*arid: the other of the mold cavity half* sections from a 
? 5 second Work pieces i In: sculpting each mold ^cavity half 
section #:< the .turntable>;58- is incremented ^slowly to 
rotate ;the work piece 57 ;ab;oUt/>the axis ..j62 at : a speed 
that permits thfe cuttihg tool 53 "to cut the work piece 
• to the desired shape along aseries' of ^'parallel 
?° radial/axial trajectories relative /to the axis 62 . v 
t ; . ^' Another f salient feature of thei method, of the 

' .present invention relates to ithe .construction - of altered 
' v - corporeal model representations of structures* fntefnaT 
Lr to a body . „ The formations of talteredr model r epresenta- 
35 ; tions-o£ internal body: structures is, particularly useful 
j iiv the* construction of surgically implantable 
prostheses. often, a prosthesis is made to replace a 
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missing anatonfic - structure, "'in Wfiieh^case -a - representa- 
tion :of the ^desir-ed prosthesis^ form*wi 11 ^not appear , for 
example, in the set of cross section images ' provided by 
a ^tomographic imaging' device. In accordance with the 
method of the present invention, however altered three 
dimensional coordinate data that defines a representa- 
tion of the missing structure is generated from" the set 
of cross section images that is obtained for ? use in form- 
ing a prosthetic model of the 7 missing structure. As 
will "become more apparent from the' following detailed 
description, formation of altered^ three dimensional 
representations of structures is particularly useful in 
constructing prosthetic 3 onlays and inlays. Coordinate 
transformation is' one technique suited td the generation 
of f three* dimensional coordinate da t!d K f or : the construc- 
tion of prosthetic onlays an<3 ! inlays in Accordance with 
the method of the pre sent invention; An example of the 
use of coordinate 1 transformation "in the construction of 
a prosthetic onlay will now be described with reference 
to Figures "9A- and 9B. The coordinate trans format ion is 
described as undertaken in the Gar te si an 'coordinate 
system. Howdvet ; such transformations can be undertaken 
in 'the cylindrical 1 coordinate system as "well. 
■ To bb r t'a in the necessary coordinate data to 
construct V pVds€h : esi&''6"f : , 'for examples aii atrophic mand- 
ible 91 illustratea^ in Figures 9A and 9B; data grids 92, 
93 and 94 erilcompassing the atrophic 'Segment of 1 the mand- 
ible 9l (indicated by shading' in Figure 9A) are 
identif iedl Wi thin the identified data gridsi three 
dimensional X, Y, z coordinates are established for 
determining ^the amount and nature of the desired 
coordinate translation J r This cah conveniently be 
accompl ished wi th ^ the *ar<3 of an' image processor*, such"aS* 
the image proc ssor marketed^ by Grinnell, inc. ; under 
the ! model designation System 271 i The Grlnneir system is 
designed to function 1 with a f Digital ' Equipment 
Corporation (DEC) LSI-11/23 computer apparattfs : having 
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j .j industry : standard I/O, data .communication terminals, a 

r y,icjep, germinal and monitor,, graphic tablet and. graphic 
( printer r<v The .Grinnell image processor ^and *)EC computer 
apparatus .form an image processing system arranged to 
5 , : inter act. with an operator ; for .-purposes of image 

, generation and^alteration* Image data can be. input to 
, . the. image processing . system either from the graphic 

tablet or. from external graphic data sources connected 
to an I/O data.; .communication}, terminal of the system. 
For .the purpose of translating. the-, surf ace of the 
atrophic mandibrle .91, the cross section image repres- 
entations generated by : the. CT/T. 8800 system 8800 are con- 
verted .to a data format compatible with the image pro- 
cessing system and, input to that system ; , for display and 
image manipulation purposes .through, an I/O data communi- 
cation terminal* , The im^ge processing system, is oper- 
able to display^ two .dimensional or three dimensional per- 
spective representations, of objects.; ; Th? desired coord- 
inate .. translation is determined by displaying f either a 
three dimensional representation of- the atrophic mand- 
, v , ible 91,pr a sequence r of twp dimensional cross section 
. xepresenjtatipns of ^the atrpphic mandible 91. Cross 

sections of s the mandible generally, perpendicular to its 
, .centric rare preferred for this t purpos,e» By use of the 
^ graphic tablet of the image processing system, the 

atrophic superior surface S of ,^the. mandible .91 extending 
from, point 92 to point , 93 t .is translated , in -the. direction 
indicated by the .arrows in 7 Figur.es :9A and ,9b, to the 
desired new location S! to . form an image of. the desired 
30 altered mandible. ..- f ^ - , ,> r - v ^ 

The translation of, the atrophic .super lor sur- 
, face, S can be accomplished r in one t step, , for .example, 

using a- three ^imensionalvdi:splay^of . t the fatrjophic mandi-^ 
ble 91 (such as seen. in. Figure. 9A). t , or . it can^be done 

, ; ... * . ...... * ...... 

t cross section-by ,-cross section, using, tv/o dimensional 
images qf .the atrophic mandible , (such . as .seen , in Figure 
9B) at locations, along its centric line. .In either 
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case , the super i or surf ace is r translated" fey" manipulating 
the graphic tablet inVtruinent" while observing" the ' 
results of the manipulations oh 'tW- video* iron i tor and 
operating the image processing system to delete 'the 
atrophic surface S, represented in Figiires 9'A and 9B as 
a solid line bounding mandibie 91, and create the 
tran , s lated surface S *, at the location of \he dotted line 
in Figures 9A ands 9B. ? !;i 

As seen in Figures 9 A arid J 9bT all coordinate 
Points on the new surface S» are displaced relative to 
.the. corresponding locations on the atrophic surface S by 
a uniform distance q in the direction of the Z axis. 
. Tor .some prostheses, it may be necessary to move d iff er- 
e , nt , coordinate points along the atrophic" superior sur- 
15 . face S by different amounts or by' an amount that varies 

.... in the direction of a selected dimension of the 
' structure according to a ^defined gradient. iW the 

, a ^5°P^ ic su P? r i or . surface S is irregular," for example* 
different coordinate translation distances would be ,. 

20 required to create a translated regular surface 's* . The 
.— r ®?~ 4i»ens iona 1 coordinate representation of the desir- 
- ^, n ?.*.* e .5 ed ..[ ?? na .f^' 1 f e ".' can be derived from the' altered mand- 
ible image data present in the iGririnell 1 image processing 
system in Ways like those descr ibed hereinbefore with 

25 reference to the CT/T 8800' system^ £ 

; , r . - Usi t " 9 : an proYsessirig system' 'to translate 

and generate three dimensional coordinate data defining 

1 a desired altered structure has the ! advantage of 

f '..i .• * r '.-- '} . .: • . » : " -, •-. •' - ■• « . - : t <• ■ ■ ■ ■ * . - 
. enabling inspection and adjustment of the translation to 

Produce the desired . altered structure before generating 

,. ; the defining three, dimensional coordinate data. When 

. c? 11 ?!^" 0 *;ing implantable prostheses, for example, it is 

- J e8 **ab$f\^i^ it until 

: **e "jj* isplf y ed altered structure mates; with the displayed 

unaltered s struc^ure. ? This is helpful in constructing an 

implantable. pros^he,sis that proper ly mates with the 

surrounding anatomic structures. However, the desired 
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translation, and generation can be accomplished in other 
ways as well.; For example, new coordinate data can be 
^ obtained" by the ^trophic mandible coord- 

inate data derived from the CT/t 8800 image representa- 
5 tions of the atrophia mandible 91. In either r case , the 
three dimensional coordinate 1 data specifying^ the altered 
mandible is obtained by adding a coordinate value corres- 
ponding to the 6 is tance q to the Z axis coordinate value 
for all specified coordinate points 'of the atrophic sur- 

10 face S. ^ . , , / f ; . 

1 . For purposes of constructing an implantable 
prosthetic onlay, only the altered segment of the alter- 
ed mandible 91 is required. A : three dimensional coordin- 
ate specification of only the altered segment is obtain- 
15 ed by substracting each Z axis coordinate value defining 
the atrophic superior surface S from the axis coordinate 
value of the. translated new surface S' at the correspond- 
ing X and Y coordinate 1 locations. An implantable 
% nn sr.? \\c , i J . , o ■ ■' ■ • '\: . 

prosthetic onlay is formed according to the remainder 

\ * r-: ::i '::„:. >■ - f * - - r .'£ j ;io:i ".*.: . ■ :- ;, n ir 

coordinate values. 

Models of deformed or missing segments of 
internal structures also can be constructed from coord in- 
ate data specifying the deformed or missing segment that 
is derived from representations of, a normal mirror image 
segment of the structure. For example, coordinate data 
defining a mirror image segment of a structure is useful 
in the construction of an imp lan table p rostheti f ^ inla y 
that is to replace a missing segment of a generally 
symmetrical internal anatomic structure. Derivation of 
the mirror image coordinate data can be accomplished 
through the use of the above-described Grinnell image 
processor or by manipulation of tfie coordinate data 
derived . from the data "'representations prpvi<3ed^ by .the 
CT/t' 8800 system 13. if the image processor is employ- 
^ b ed r the deformed r but otherwise generally symmetrical 
structure is displayed arid the deformed or missing seg- 
ment r 'is ^alter d" "tb the desired 'form by operator 
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manipulation of the graphic tabled ^usxng'tfie video 
norif tor ''display of the nil xi or image V6e4m'ent- of the 
structure as a guide. The desired three dimensional 
coordinate data is generated from the "altered segment as 
described hereinbefore^ with reference to Figures 9A and 
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However , the mirror image coordinate data can 
be obtained directly ^roni the three dimensional coordin- 
ate data defining a normal segment of ^^ atf ihter'nal struc- 
ture that is generated directly from the' im^ge represent- 
ations provided by the CT/T 8800 ^system Referring 
to Figure r 10 , a J de formed inandibie 97 is illustrated in 
relation to three 1 dimensional X, yV z "coordinates. But 
for the deformatiohV the mandible "is generally symmetri- 
cal about the Y-Z plane extending ''through the most 
anterior point 99 of the mandible 97 .As seen in Figure 
10, f the deformation is In the ^orm of a missing segment 
100 5 located at the c left side of ' the XY' plaiie " of ' : 
symmetry. A normal segment 96 of th^ mandible 91 exists 
to right of the nominal XY plan^bf general symmetry at 
the' mirror image location relative' to J the missing 
segment 100. Tfiis Segment 96 is surrbunaid by £ an 
ehcjloSure 9^8 that defines data £ g^id^ including "the three 
dimensional ^X , Y, Z ^spatiai coordinates defining the 
normal segment 96. The actual and mirror image 
codrdi nates of the normal segment 96 are the ^same 
relative ? to the' Y aha I Z cobrdinate axes, but are 
different "relative 1 t6 'the 1 ' X coordinate axis, to obtain 
the mirror image X coordinate , the distance separating 
the actual 1 X coordinate value of each coord ihate point 
specif yihjj the normal segment' 96 from the c X coordinate 
value -'of the location of the n XY plane of symmetry is 
''^f^ 1 ^ 1 ?^ .let^.tfadea to theC x coordinate * 

V ** Ue ° f fc ^ fe ^ ocation of the XY plan of synanetry. . This 
coordinate translation' technique Wables ; the generation 
° f e mirr ° r image coordinate values or the normal 
segment 96 by mahipulation of the three dimensional 
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coordinate.data generat d,.directly from the .image 
,representations. i pb,ta ined by t^e GT/T 8800 system 13 . 

„.,-.-. For .convenience, the .derivation <,pf translated 
cpordinate r data : has J>een described with reference to 
,5 -coordinate manipulation- coordinate 

system and cross section representations of the internal 
structure, that are defined thr^e idimensionally in rela- 
tion to ^orthp^onal X, Y f Z axes thpt ; are oblique to the 
axial, , coronal and sagital planes,. Translation of the 
!0 Qoord^nates, from that^ t axis f orientation to any pther 

desired, axis orientation or Jto a cylindrical coordinate 
system can ,be accomplished, as described in detail herein- 
before. However generated, three dimensional coordinate 
data in^the form reguir.ed by 4 the machine-controlled 
* 5 contour sculpting tool .apparatus 52 is generated from 
the trginsiated representa^jlons and input to the ; 
sculpting toql apparatus .fco ^control the tra jectory of 
the ^ cutting ^toql : 53L ; ,sq r t^at ,'the desired altered corp- 
oreal ippdel representation of the selected internal 
20 structure is formed,. v ^ , r - 

The methQd of the present invention has been 
described in ^^tai^ with r^#f renpf { to the construction 
of various , cofpoi^al model ^representations o.l structures 
internal- to bodies from GOpx;diiiate daita obtained from 
25 reconstructed representations of contiguous f cross 

sections of the structures* However, corpqreal models 
can be constructed frpjm coord iM obtained from 

_ reconstructed representations, of .^cross , sect iqnsi at 
spaced intervals , along v the t structure^ as ^e?ll r . for 
, 3 p . example , a generally up if orm stxuq.ture , , suph s a? t;he 
femur bone, gjsun be represented by r^qonstrpct^d .... 
representations, taken from widely t spaced locations along 
its length. In .such applications, the three-dimensional 
coordinates required for the control of < the sculpting 
35 tool between the widely ?pac, d iQcatipns , is generated by 
inter po-lation of the locations^of the ^ selected 
structure intermediate to the spaced locations and 
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generating corresponding three dimensional coordinates 
that^ define .the ^terpolated 1 locations;^ The corporeal 
model is formed by directing the ; scuipting^obl in 
accordance with the three dimensional Coordinated that 
wdef ine the-spaced and intermediate Iocations ? of the 
.:• selected structures. , ; - ' \ ■>--■.. .. 

' V - One preferred 1 embodiment and certain varia- 
tions of the method 6f 'the present invention have been 
described in detail as arranged to construct corporeal 
models of selected internal anatomic structures useful 
in the study of internal structures of anatomies and in 
the surgical' correction of deformed internal structures 
It will be apparent to thbseSskiiied in the art," 
however, that various modifications and changes may be 
made in the practice and use of the Method without 
departing from the scope or the present invention " 
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CLAIMS: 



1.. .A; method of fabricating a three dimension- 
al corporeal., model of a structure internal to a body, 
the steps, comprising : - , f t . j 

subjecting the body to radiant energy to produce 
5 radiant energy responses internal -to; said body r . the radi- 
ant energy, selected to -produce radiant, energy responses 
that , are. characteristic of a selected, physical property 
of substances ,of . and .detectable at the exterior of the 
body; , , ., ..... - . ; : 

1 0 Setecting prpduced .radiant energy responses to 

obtain representations -of substances at locations- intern- 
al to the f body defining structures internal to said body 
three-dimensipnally ; | ; 

generating from the representations of the 
15 substances a set of three dimensional coordinates defin- 
ing a three dimensional representation of a selected 
structure internal to the body; and 

directing a sculpting tool in accordance with the 
generated set of three dimensional coordinates to form a 
20 corporeal model corresponding to the three dimensional 
representation of the selected structure. 

2. The method of claim 1 wherein the subject- 
ing step and detecting step are performed exterior to 
the body in which said selected structure is located. 

25 3. The method of claim 1, the further steps 

compr i sings 

displaying a visual representation of the selected 
structure defined by the set of three dimensional 
coordinates; and,. „ 
30 selectively adjusting the three dimensional coordin- 

ates; and wher in 

the sculpting tool is directed in accordance wtih 
the adjusted thre dimensional coordinates. 
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• - -v 4 * ; The me ^ l ?P? <? la im 1. wherein: 
; the generated set of three dimensional coordinates 

d * fi £ es r an .^ of 
the selected structure; and ' 

»,:& e ty r ??$ corporeal model cor responds pp the 
altered three dimensional representation, of the ^elected 
structure. 



IK 



5. The method of claim 4 wherein, a set of 
: transformed three dimensional ppordina.tes are genera td 
from ]the obtained representations of the substances to 
define the altered ^ree^d liens ional representation of 
f elected structure, the ? further steps, compri sings 
v : n dis P^aying a visual representation of the altered 
three dimensional representations of the selected struc- 
ture defined by the set of transformed three dimensional 
coordinates; and , 

:,, s ?f ec lively adjusting, the transformed, three dimen- 
^ i . 0n f 1 coord *nates; and wherein 

the sculpting tool is directed in accordance ith 
t h $ transformed and seiectiyely. adjusted three dimen- 
sional coordinates. . ." 

. ; : : - 6 - The method of either claim 3> . 4 . or 5 
wherein: 

the generated set of three dimensional coordinates 
defines an ununiformly altered three-dimensional repres- 
entation of the selected structure; and 

the directed sculpting tool forms a corporeal 
model corresponding to the ununiformly altered three 
dimensional representation of the selected structure. 
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7. The method of claim 6 wherein the gener- 
ated ' feet of three dim nsional coordinates defines an 
altered "tlit^e a imensional repreSbritatibh of the selected 
strtic€ure liavirig a altered in a 
coordinate direction to effect' a unidirectional transla- 
tiori of" a corresponding selected surface segment in the 
forWd corpbteal model. : 

8. The method of either claim 3, 4 or 5 
wherein* ' ' ' 

the generated set of three dimensional coordinates 
defines a mirror image three dimensional representation 
of J the 6electeid- 3 s^kactu£e; and 4 

the' ? directed sculpting tool forms a corporeal model 
cor responding' to the'mirror image three dimensional 
tepreseritk tiori of the selected structure ♦ 

9. The method of claim 8 wherein 2 

^ the T ' selected Structure is a segment of a larger 
structure internal to the tiody hairing a nominal plane of 
general syihinetry y" and ■»■.*!■■ -*y 

the N generated set of three dimensions! coordinates; 
defines a three dimensional representatibn of a mirror 
image of the selected structure taken relative to a 
mirror plank" located at the nominal plane of general 
symmetry* 
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10. The method of claim 1 wherein the 
seleqted structure Is arsegraent pf a larger structure 
iiitefnal to f ihe . bo^ having a nominal plane of general 
symmetry, and. said segment is located at one side of 
said nominal plane of symmetry, the further step 
comprising : 

transforming the.three, dimensinal coordinates 
generated from the obtained representations of sub- 
stances to define a mirror image three dimensional 
representation of the segment;, and wherein 

the sculpting £opl f is, directed f in r . accordance with 
the transformed three dimensional coordinates to form a 
mirror image corpqr eal model , of the.segment correspond- 
ing to the mirror image thref dimensional represent- 
ation.,.. , : f . . . f .*.,. rV . .... f . • . • V. , , , f 

1 ... • ' \ - :s < ', tr; J ' -\ n i ;:, :n; r 

11. The method, of , claim ILO, the further steps 
comprising s . . v r } , : 

, ; displaying a visual representation ,of ;^the mirror 
. iroa ?^ 0 thr^ee dimensional representations of the segment 
defined by the transformed three dimensional 
coordinates.; and ; ? . pu ^ . r , - ,. Tt ._ r 

. : . selectively adjusting .the, transformed three 
dimensional coordinates; ^and. wherein: 

the sculpting r toql is, e d i sec ted an vacpordance with 
the transformed and selectively adjusted three 
dimensional coordinates. 
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;> "V '12. The method of claim 1 wherein: 
v ' 1 the generated set "of three dimensional coordinates 
defines a three dimensional mold Scavi ty representation 
of the selected striicture^ and the 'further step 
comprising 

>r casting a corporeal model replica of the selected 
structure defined by the mold cavity. 

- 131 The method of claim 1 wherein: 
representations of the substance are" obtained for 
spaced locations d^fining i surfaces of structures; and 

thfe 'generated' 7 ' set' "of three dimensional coordinates 
incIuJes coordinates of spaced Ibcitioriis defining a 
three dimensional representation of the surface of the 
selected structure; and the further step comprising 
j interpolating locations of the surface of the 
selected structure intermediate to the 'spaced locations 
arid gerieratiriig ftroih said interpolations 6f the 
intermediate locatxorts three diinerisional coordinates 
def iriing "the surface of the 'selected structufcfe at 
locations between spaced locations; and wherein 

: . \i the sculpting tool is directed in accordance with 
the three dfmehsional 7 ooordinates of the spaced loca- 
tions and of the interpolated locations. 
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14> A method pf fabricating a thre dimen- 
sional corporeal. model of a selected struGture internal 
to a body, by> a sculpting tool? f rom t three dimensional 
coordinates defining a three dimensional representation 
of said, selected structure;, said data obtained by sub- 
jecting the selected, structure within ±the body to radi- 
ant energy- selected to be productive of selected radiant 
energy responses, that are; character istic of substances 
and detectable at theresterior of said body, detecting 
the radiant energy responses to obtain representations 
of the .selected structure, and; generating froravthe 
representations the three ^dimensional [coordinates, the 
step comprising s . ^ v - <<.^q1 

directing the ^sculpting f tool in accordance with th 
.generated three dimensional coordinatesr to = form^ a corp- 
oreal model corresponding to" the ; three dimensional 
representation of the selected structure. 

15. The method of claim 14 wherein: 
the generated three dimensional coordinates data 
define a three dimensional mold cavity representation of 
the selected structure; and the further step comprising 

casting a material replica of the selected struc- 
ture defined by the mold cavity. 
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: : -*v* e r6.^ ^Th^ method of claim 14 x wherein: 

^^xre^r^tfen'ta'ttoh'S' of the r substances ; ar obtained for 
■spaced "locat ions 1 deflttlng surfaces of : structures; 
• ; the genera ted' thr ee ditnensioh^l^ cobkdinaiea include 

• 5" coordinates md£ "spa'ced locations^ def ining a three 

dimensional representation of the- surface of the select- 
ed "structure; and the -further step comprising 

■ interpolating locations' of the surfaces of the 
v selected structure intermediate to -ithre space locations 
■;10 and generating, from said -interpolations of the 

v intermediate locations three rdimerisional coordinates 
r i z\ defining .the sur face tof vthei. selected structure at 
locations between spaced locations; and. wherein 
r; . , * r ; .. -the: sculpting tool is directed in accordance with 
t 15 the three dimensional coordinates of the spaced loca- 
tions- and of > the interpolated /locations. 
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..17.. . * method of ; . generating three dimensional 
* c^rdijmes^for directing a sculpting tp^l -to form a 

three, dimensional- .corporeal model qf a .structure , 

internal to a body , .the steps comprising:. 
5 subjecting the body to r radiant Jene^rgy 'to produce 

.radiant -energy .responses , internal to said t body that are 
. characteristic of substances and. detectable at the 

exterior the body; 

in k :^ eCtin9 P^duced radiant energy responses to 

obtain representations of substances^ locations intern- 
al to the body defining structures internal to the body 
u three dimensionaliy . .and t^.r, 

-generating from ^^representations ot the substan- 
ces three dimensional cpordinates defining a three dimen- 
sional representation of a selected structure internal 
of the body, the three dimensional coordinates generated 
for directing the. sculpting tool to form a corporeal 
-del corresponding to .the th.ee, dimensional representa- 
tion of the selected structure. , 5 < 

20 ted thr„ ^ ^ ****** ° f c ^ aim ^ wherein the, genera- 
ted three.dimensxonal) coordinates, define an altered 
three. dimensional representation** the,. elected struc- 
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ture. 
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19.,;, The method of .claim 17, the, further steps 
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„ displaying <a,vt^al representation of the selected 
structure deMned, by , the generated three .dl^enstonal 

^ coordinates ? , and : a 

30 ' atM ^^"f^^'^u^lng the th^e'Ul^nslonaUcoorain- 

r:f u f;^tes; ; and wherein j 

the tn^^imensional.qoordirtates-- generated for' 
directing the sculpting tool correspond to the adjusted 
three dimensional coordinates. 
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r --a '•: c vfo. :T The method of claim' 19 wherein 

••-i.-l transformed three dimensional coordinates ar gener- 
ated from- the obtained representation df the substances 
to define -an altered three dimensional ^presentation of 

5 the "selected structure 5 >" "• v '~ "" ; - — 

a visual representation of altered three dimension- 
al representa ton of the selected structure is displayed; 
and 

the trahsfbrmed three dimensional coordinates are 

10 . selectively adjusted ; " • ' J ' 

, .. ■ if i-.t-' ; :.<-; 75- n- i •• I . j 

21. The method bf- claim' 17 wherein the gener- 
' - ated three dimensional coordinates define a three dimen- 
^ sibnalf mold cavity representation of the selected struc- 
'- •-• - -ture. ' ' • • .- - 

15 . . r , v i 22. The method of j -claim 17 "where in 5 : 
■t-j- ^ representations of the substances are obtained for 

spaced locations defining surfaces of structures; and 

the generated three dimensional coordinates include 
. , • . coordinates of spaded locations defining a three 
20 ^dimensional represeritatTdn bf^the-surface oi the select- 
:> ed^ structure? arid the further: step comprising 

interpolating locations of the surface of the 
selected structure intermediate to the spaced locations 
•v. ; and generating f rem sSid "interpolations of the 

25 intermediate locations three dimensional Coordinates 
. - defining the surf ace -of the selected ^structure at 
locations between 'spaced locations j and where in 

the three dimensional coordinates generated for 
- directing the sculpti ng -tool includr the' 'three dimension- 
30 al coordinates generated from the interpolations of the 
- intermediate locations. 1 ; " - - 
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23 '~ A method of fabricating a ^eV dimension- 
al corporeal' model of - selected tilss^structwe . internal 
to ah anatomy, the steps comprising:' >Lr s r 
. , .. subjecting the ana tomy to radiant energy to produce 
radiant energy responses internal to said anatomy that 
are characteristic; of tissue f structure of said anatomy 
and that a ? e detectable at the exterior o^ said anatomy 
at a plurality of .locations each of which is along a 
path extending in a different selected direction rela- 
tive to the selected tissue structure- * 

detecting produced radiant Energy responses at the 
exterior of the anatomy at selected locations of the 
plurality of locations to obtain representations of the 
selected tissue structure that are definitive of a 
selected three dimensional representation thereof? 

generating from the obtained representations' of the 
selected tissue structure 5 selected three dimensional 
coordinates defining the selected three dimensional 
representation of the selected tissue gtructure? and 

: di,rectin 9 a sculpting tool in accordance with the 
generated selected three dimensional coordinates to form 
a corporeal mbdei corresponding tp the selected three 
dimensional representation of the "selected tissue struc- 
ture. • • ~ 3 ;, - s - ■"' ^- ■■ ■- 

.. , T he w m ? thod ° f cla * m 23 wherein transform- 

( ^ !$*f e f ? in, ^ i ? na ^ c °P rd > na tes are 'generated from the 
obtained representations of the selected tissue struc- 
ture to define an altered selected three dimensional 
representation of phe selected tissue structure.25. The 
30 method of either claim 23 or claim 24, the further steps 
comprising: J 

displaying a visual representation of the selected 
tissu structure defined by the three dimensional coord- 
inates generated from the obtained representations; 
35 selectively adjusting the generated three dimension- 

al coordinates to define the selected three dimensional 
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representation, of the selected tissue structur ; and 
wherein the sculpting tool is directed in accordance 
V with the adjusted three dimensional coordinates. 

25. The method of either claim 23 or claim 
5 24, the further steps comprising: 

displaying a visual representation of the selected 
tissue strucutre defined by the c three dimensional 
coordinates generated from, the obtained representations; 

selectively adjusting the generated three 

10 dimensional coordinates; to define the selected three 
dimensional representation of the selected tissue 
structure; and wherein, 

the sculpting tool is directed in accordance with 
tbe adjusted three dimensional coordinates. 

15 " 26. ^ The method of claim 23 as arranged to 

fabricate a surgically implantable prosthesis type corp- 
oreal model of a selected skeletal tissue structure of a 
mammalian anatomy wherein: 

the mammalian anatomy is subjected to radiant 

20 energy to produce radiant energy responses at locations 
definitive of the surgically 'implantable ; pros thesis to 
be fabricated; and 

the generated three dimensional coordinates define 

* * a three dimensional representation of . the surgically 

25 implantable prosthesis. 27 1 The method of claim 26 

wherein the sculpting tool is directed to form the surgi- 
cally implantable prosthesis. f . ^. 

27. "The method of claim 26 wherein the 
sculpting tool is directed to form the surgically 
30 implantable prosthesis. ^ f . t 
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vi 28. The method of claim 2jSj wherein? 

the genera tedr three dim nsionai coordinates define 
a three dimensional mold cavity ^representation jof the 
surgically implantable prosthesis; and 
5 the .sculp ting* tool is directed to form the mold 

• cavityi; > and; the further step comprising 
:<-:■ casting a surgically, implantable; prosthesis defined 
by the mold cavity. f i v;;:? -,.r. 

'■ . .'t, r ; f • ?c. 

\29. A method of fabricating a prosthesis 
10 representative of a 'selected tissue structure internal 
to a mammalian anatomy, the steps comprising: 

subjecting the anatomy to radiant energy and detect- 
ing at the exterior of said anatomy resulting radiant 
energy responses produced at a plurality of parallel 
15 planes distributed at spaced locations in a selected 
direction relative to the said anatomy, the radiant 
energy selected to produce radiant energy responses 
internal to said anatomy that are characteristic of 
tissue structure of the anatomy and that are detectable 
20 from the exterior of said anatomy, the anatomy subjected 
to the radiant energy and resulting radiant energy 
responses detected to be productive of selected represen- 
tations of the structure internal to the anatomy defini- 
tive of the prosthesis to be fabricated; 
25 generating from the selected representations of the 

structure internal to the anatomy selected three dimen- 
sional coordinates defining a selected representation of 
the prosthesis; and 

directing a sculpting tool in accordance with the 
30 generated selected three dimensional coordinates to form 
the selected representation of the prosthesis. 
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>r 3Q^ ;'The. method of claim 29 wherein the select- 
ed- representation of the prosthesis : is a replica of the 
delected ' tissue structure. r ^ i„/ 

v 31^ .The method of claim- 29 wherein: 
5 the generated three dimensional coordinates define 

a three ^dimensional mold cavity representation of the 
prosthesis; and > 

the sculpting tool is directed to form the mold 
cavity? and the>f ur ther step comprising 
1,Q; casting a prosthesis .defined by the mold cavity. 
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